REVIEW & INTERPRETATION
The discovery of haploid Jimson Weed plants opened up a new and simple way to establish pure lines from a highly heterozygous plant.
-A.F. Blakeslee and J. Belling It has long been realized that haploids could be of great value for breeding and study of fundamental genetics of higher plants … unencumbered by problems of dominance and segregation.
-P. Maheshwari H aploid plants are sporophytes with half the normal chromosome number. Various aspects of their usefulness in basic research such as cytogenetics, genetics, evolution, and practical plant breeding has been amply documented (Baenziger, 1996; Jain et al., 1996; Maluszynski et al., 2003; Devaux and Pickering, 2005; Baenziger et al., 2006; Jauhar, 2006b Jauhar, , 2007 Cuthbert et al., 2008) . However, currently there is no comprehensive review
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ABSTRACT
The usefulness of haploid plants in basic research in cytogenetics, genetics, evolution, and practical plant breeding is well known. Haploid plants provide an effi cient research tool for studies on induced mutagenesis and genetic transformation. They also help elucidate the genetic control of chromosome pairing inherently present in allopolyploids such as bread wheat, durum wheat, and oats. Genetic control of chromosome pairing in haploid nuclei has helped in assessing intergenomic relationships. By analyzing the degree and specifi city of chromosome pairing in the Ph1-and ph1b-euhaploids (2n = 3x = 21; ABD), we demonstrated that the A and D genomes of wheat are more closely related to each other than either one is to the B genome. It is signifi cant that the totipotent nature of a haploid cell is being exploited in several facets of biological research. In addition to its numerous applications in basic research, the haploidy approach provides an effi cient means of producing truly homozygous lines, thereby accelerating the breeding process. Wheat cultivars developed from doubled haploids (DHs) have been released for cultivation in Canada, China, Europe, and Brazil. General characteristics and classifi cation of haploids derived from diploid and polyploid species are provided in this article. Methods of extracting haploids of polyploid wheats are described, and applications of haploidy in basic and applied research are discussed.
on haploidy and its uses available in the literature. Also, in understanding wheat haploidy and its uses, rarely has the research in cultivated tetraploids and hexaploids been described in one review. In this comprehensive review, we will defi ne what haploids are, how they occur spontaneously or are induced in the laboratory, how they are used in basic research, and fi nally how they are used in applied research such as cultivar improvement.
Haploids provide an effi cient research tool for studies on induced mutagenesis (Castillo et al., 2001 ) and genetic transformation (Jauhar and Chibbar, 1999; Folling and Olesen, 2002) . They have helped elucidate the genetic control of chromosome pairing inherently present in allopolyploids. The Ph1-system in hexaploid wheat (Triticum aestivum L., 2n = 6x = 42) (Sears and Okamoto, 1958; Riley and Chapman, 1958) , and a similar control mechanism in hexaploid oats (Avena sativa L., 2n = 6x = 42) (Rajhathy and Thomas, 1972; Jauhar, 1977) are excellent examples. The genetic control of chromosome pairing has, in turn, helped assess intergenomic relationships. Haploids off er a unique opportunity for studying chromosome pairing relationships because the intergenomic homologies, that generally remain masked due to homologous chromosome pairs in the parental species, are best revealed in the chromosome complement in the haploid state. Thus, the study of chromosome pairing in polyhaploids of cultivated wheatsbread wheat and durum wheat (Triticum turgidum L., 2n = 4x = 28) )-has significantly contributed to our understanding of intergenomic relationships. By analyzing the degree and the specifi city of chromosome pairing in the Ph1-and ph1b-euhaploids (2n = 3x = 21; ABD) of wheat, we demonstrated that the A and D genomes are more closely related to each other than either one is to the B genome .
In addition to its numerous applications in biological research, the haploid approach is an integral component of several plant genetics and breeding programs. It provides an effi cient and rapid means of producing truly homozygous (equivalent of pure or inbred) lines, thereby accelerating the breeding process. The doubled haploid (DH) populations, which are genetically similar to recombinant inbred lines (RILs) developed by single seed descent, have been used for mapping quantitative trait loci (QTLs) for several important traits Kuchel et al., 2007a,b; Cuthbert et al., 2008; Kumar et al., 2007; Muñoz-Amatriaín et al., 2008) . Furthermore, wheat cultivars developed from DHs have been released for cultivation and are dominant cultivars in some countries, especially Canada (Sadasivaiah et al., 2004; Humphreys et al., 2007a,b ; see also Baenziger and DePauw, 2009) . The importance of haploid-induced instant homozygosity after chromosome doubling cannot be overemphasized. Bread wheat and durum wheat are important cereals used for human consumption worldwide. The haploidy technique has been fruitfully employed for elucidating their cytogenetic architecture and for their genetic improvement. In this article, methods of inducing haploid plants of these polyploid wheats are described; also the utility of haploidy and several other important aspects of haploidy are discussed.
DEFINITIONS AND TERMINOLOGY
A "haploid" is a general term used for all sporophytes (whether diploid or polyploid) with the gametic chromosome number. Strictly speaking, a haploid plant derived from a diploid species is more appropriately called a "monoploid" because it has only one set of chromosomes, i.e., only one genome. Because monoploids are sporophytes, their somatic chromosome number is denoted by 2n, as in the case of diploids and polyploids. Whereas 2n refers to somatic chromosome number, x would show the basic chromosome number, i.e., the chromosome number in one genome of a mono ploid. Thus, a haploid (a monohaploid or simply a monoploid) derived from diploid Einkorn wheat (Triticum monococcum L.) is indicated to have 2n = x = 7 chromosomes. However, a haploid derived from a polyploid species such as bread wheat (T. aestivum L., 2n = 6x = 42; AABBDD) or durum wheat (T. turgidum L., 2n = 4x = 28; AABB) is preferably termed a polyhaploid. Thus, a polyhaploid of bread wheat has 2n = 3x = 21 chromosomes with the genomic constitution ABD, whereas a polyhaploid of durum wheat has 2n = 2x = 14 chromosomes with the genomic constitution AB.
Polyhaploids derived from polyploid species are further classifi ed according to the nature of polyploidy of the parental species from which they are extracted. A polyhaploid from an allopolyploid like bread wheat is called an allopolyhaploid (2n = 3x = 21), whereas one derived from an autopolyploid, such as the potato (Solanum tuberosum L., 2n = 4x = 48), is termed an autopolyhaploid. However, the term "haploid" is widely used as a general term in both diploid and polyploid species, and the terms "haploid" and "polyhaploid" are often used interchangeably for haploids derived from polyploid species. Because allopolyploid wheats can also be called amphidiploids (or amphiploids), their haploids can be termed amphihaploids. Thus, a haploid (or allopolyhaploid) extracted from durum wheat (AABB = 28) can also be called an amphihaploid (AB = 14). On the basis of their chromosomal constitution, haploids are further classifi ed into various categories, as described below (Fig. 1) .
CLASSIFICATION OF HAPLOIDS
As stated above, a "haploid" is a general term for all plantswhether derived from a diploid or polyploid-with half the chromosome number of the euploid form of the species. Systems of classifi cation of haploids have been proposed by various workers. Types of haploids have been extensively reviewed by Kimber and Riley (1963) and Magoon and Khanna (1963) . The following classifi cation (Fig. 1) is based largely on the one proposed by Kimber and Riley (1963) . In (2n = x + 1ª); 1ª denotes an alien chromosome. On the other hand, an aneuhaploid defi cient for one chromosome of the gametic set is referred to as nullisomic haploid or simply nullihaploid (2n = x -1). Depending on the missing chromosome, a nullihaploid is further defi ned by inserting the symbol for the missing chromosome, e.g., a wheat haploid defi cient for chromosome 5B would be called a nulli-5B haploid.
An aneuhaploid may have one or more alien chromosomes substituted for one or more chromosomes of its basic gametic complement, leading to numerical compensation (2n = x -1 + 1 a ) and the same chromosome number as a euhaploid. Heterogeneity of the chromosome complement of such substitution haploids is shown by the pattern of their chromosome pairing.
Any of the aneuhaploids that do not fi t into the above categories are classifi ed as miscellaneous haploids.
CYTOGENETIC CONSTITUTION OF CULTIVATED WHEATS
For producing and studying haploids of durum wheat and bread wheat, it would be helpful to understand their genomic makeup and genetically-enforced meiotic integrity. Cultivated wheats off er an excellent model for evolution by allopolyploidy. They are in fact true breeding natural hybrids. Thus, bread wheat is an allohexaploid with three genomes, AA, BB, and DD. The corresponding this system, haploids are divided into two main categories: Euhaploids and Aneuhaploids. A euhaploid plant has precisely half the chromosome complement, whether derived from a diploid or a polyploid species. Thus, euhaploids will have one or more complete set of chromosomes, 1x, 2x, 3x, etc., depending on the level of polyploidy of a species from which it is derived. If it is from a truly diploid species, it will have only one complete set of chromosomes, called a genome, and is therefore referred to as a monoploid or a monohaploid. A monoploid of a diploid species such as barley (Hordeum vulgare L.), for example, has 2n = x = 7 chromosomes. On the other hand, euhaploids derived from polyploid species are described by the general term polyhaploid that have two or more complete sets of chromosomes. As mentioned previously, a haploid (polyhaploid) of durum wheat has 2n = 2x = 14 chromosomes, while a polyhaploid of bread wheat will have 2n = 3x = 21 chromosomes.
Whereas euhaploids have one or more complete sets of chromosomes, i.e., exact multiples of the basic number, aneuploids have either extra doses of, or defi ciency for, one or more chromosomes. If the extra chromosome is from its basic gametic set (x) of the species, the plant is described as a disomic haploid (2n = x + 1) because it will have disomy for one chromosome but will be monosomic for the rest of the chromosomes. An aneuhaploid with an extra alien chromosome from a diff erent species is called an addition haploid chromosomes of these genomes are genetically similar, comprising seven homeologous groups of three chromosomes each. Genetically similar and evolutionarily related chromosomes are called homeologues. Because the homeologous chromosomes (e.g., chromosome 1A, 1B, and 1D) are closely related and hence capable of pairing with one another, a homeologous pairing-suppresser gene, Ph1, restricts pairing to homologous partners (Sears and Okamoto, 1958; Riley and Chapman, 1958) . Such a genetically-enforced diploid like pairing confers meiotic regularity and, hence, reproductive stability to polyploid wheats. The mode of evolution of these polyploid wheats is described in Fig. 2 .
SPONTANEOUS OCCURRENCE OF WHEAT HAPLOIDS
Allopolyploidy, resulting from interspecifi c or intergeneric hybridization in conjunction with sexual (meiotic) doubling of chromosomes in the interspecifi c (or intergeneric) hybrid (or amphihaploid) has played a pivotal role in the evolution of several of our most important crop plants (see, for example, Harlan and de Wet, 1975; Jauhar, 2003a; Jenczewski and Alix, 2004) . Both durum wheat (AABB) and its derivative hexaploid wheat (AABBDD) evolved through allopolyploidy, also called amphidiploidy. Thus, an amphidiploid wheat resulted from chromosome doubling (functioning of unreduced gametes) in the hybrid that was fi rst formed as a result of hybridization between its progenitors (Fig. 2 ). It is in fact possible to go back on the evolutionary ladder and extract durum haploids AB, and then recover from them tetraploid or disomic durum plants (Jauhar et al., 2000) . Similarly, it is also possible to recreate the steps of evolution of bread wheat (Jauhar, 2007) .
In nature, the evolutionary course producing allopolyploids is not necessarily a one-way street. Reversion from amphidiploids to amphihaploids can occur. It was reported that the cytoplasm of Aegilops caudata induced haploidy in common wheat (Kihara and Tsunewaki, 1962) . Later, Tsunewaki et al. (1974) found that the cytoplasms of fi ve more Aegilops species induced a high frequency of haploids (11-56%) and twins (5-15%) in a common wheat derivative, 'Salmon' from 8x Triticale. However, in normal crop species haploids occur rather rarely. Spontaneously occurring haploids (2n = 2x = 14) of durum wheat have occasionally been reported but there are very few additional reports. Jauhar (2006a) observed and studied two such haploids in durum wheat. Such a low incidence of haploids is of no consequence to wheat breeders or even geneticists. Production of haploid plants in large numbers would be needed for any meaningful use in basic cytogenetic research or in practical plant breeding.
INDUCTION OF WHEAT HAPLOIDS
Haploids (and doubled haploids) are useful for basic research in biology or for application in plant breeding. As mentioned above, effi cient and reliable methods of producing haploids/ doubled haploids must be developed and stan dardized so they can be fruitfully employed. Several such methods have been tried with varying degrees of success, but only the two most common will be discussed here.
Anther Culture Techniques
The seminal discovery of in vitro production of haploids from anthers of Datura innoxia Mill. Maheshwari, 1964, 1967) paved the way for artifi cial induction of haploids by anther culture. Anther culture off ers excellent opportunities for large-scale production of haploids (called androgenic haploids) because an anther contains thousands of microspores (immature pollen) each of which can potentially develop into a haploid plant. This technique has therefore been widely employed for haploid production in numerous crop plants (Sopory and Munshi, 1996; Tuvesson et al., 2000; Castillo et al., 2001; Maluszynski et al., 2003; Datta and Torrizo, 2006) , including bread wheat (Ghaemi et al., 1993b; Tuvesson et al., 2000 Tuvesson et al., , 2003 Barnabás et al., 2001; Barnabás, 2003; Kim and Baenziger, 2005; Ascough et al., 2006; Shariatpanahi et al., 2006a; Bakos et al., 2007) and to some extent in durum wheat (Ghaemi et al., 1993a; Dog ramacı-Altuntepe and Jauhar, 2001; Jauhar, 2003b; Pauk et al., 2003; , and other cereal crops (e.g., Tenhola-Roininen et al., 2006) . As with many tissue culture techniques, the anther culture process may induce genetic variability that may or may not be useful in crop improvement (Jain, 2001 ) and discussed below.
The process of microspore embryogenesis in which the microspore cell develops by going through a number of developmental steps into an embryo-like structure that on "germination" leads to a haploid plantlet is a complex phenomenon and has been extensively studied by several workers (Rybczynski et al., 1991; Tashpulatov et al., 2003; Aionesei et al., 2005) . The alternative process is organogenesis in which the microspore cell develops into a plant organ (such as a stem) which is then "rooted" to form a haploid plant. Embryogenesis is believed to be more natural, hence it is the preferred method. Microspore embryogenesis is infl uenced by several factors such as pre-culture temperature shocks of the anthers or excised tillers containing the anthers, and hormones in the media. During anther culture, microspores are induced to produce haploid plantlets, after going through a series of developmental stages. This process of haploid production is infl uenced by several factors, such as growth of donor plants, pretreatments, culture environment, regeneration media, stress, and genotype (Lazar et al., 1990; Touraev et al., 2001; Zheng et al., 2001; Jauhar, 2003b; Zamani et al., 2003; Datta, 2005; Aionesei et al., 2005; Maraschin et al., 2005; Ascough et al., 2006; Cistué and Kasha, 2006; Shariatpanahi et al., 2006a) . The yield of androgenic haploids in barley was increased by adding various chemicals to the anther and microspore cultures, such as sodium azide (Castillo et al., 2001) or by applying diff erent stresses (Shariatpanahi et al., 2006a) . Pretreatment with mannitol was used to improve green plant regeneration on isolated microspore culture in durum wheat (Labbani et al., 2007) .
Genotype of the plant also plays an important role in the success of anther culture and virtually all studies have found that some genotypes work better in culture than others (Shariatpanahi et al., 2006b ). An effi cient anther-culture protocol is needed for each crop species, and perhaps for each genotype. Genotype × culture method interactions are common, but as long as the least responsive genotype (pure lines or segregating parent) produces enough haploid plants for the intended use, these interactions will not be a problem for the eff ective use of the technology.
Although considerable success has been achieved in producing bread-wheat haploids, durum haploid yields are comparatively low (Tuvesson et al., 2000; Zheng et al., 2001; . No one reason seems to cause this diff erence between the ploidy levels. Until recently, durum wheat has been considered to be largely recalcitrant to anther culture. Green plantlets were produced at a low frequency, if at all. In their anther culture study on durum wheat, Hadwiger and Heberle-Bors (1986) obtained two green plantlets, whereas Ghaemi et al. (1993a) regenerated three green and two albino (chlorophyll-defi cient) plantlets. J' Aiti et al. (1999 Aiti et al. ( , 2000 worked on several durum genotypes, but they were able to obtain only one green and three albino plants from 15 diff erent durum cultivars. Working with ten cultivars, Dog ramcı-Altuntepe et al. (2001) were able to obtain from 86,400 anthers 76 haploid plantlets (2n = 14) that were albinos, and 248 green plants ranging from tetraploid (2n = 28) to decaploid (2n = 70) in chromosome number, with only 52 being tetraploid (possibly doubled haploids; 2n = 28). In summary, 2.8 green plants were produced for every 1000 anthers.
In cereal crops, albinism is a major obstacle to producing haploids and double haploids via anther culture. The Figure 2 . Schematic representation of the two major steps leading to the evolution of durum wheat and hexaploid wheat. Note step 1 producing durum wheat and another step 2 leading to the evolution of bread wheat. Source: Jauhar, 2007. lack of chlorophyll is genotypically controlled (for references, see Muñoz-Amatriaín et al., 2008) . Defi ciencies of plastids in albino plants indicate that nuclear genes exercise their infl uence via interaction with pathways in plastid development (Torp et al., 2004) . QTLs for green plantlet production were mapped in wheat (Torp et al., 2001 (Torp et al., , 2004 , rye (Grosse et al., 1996) , triticale , and more recently in barley (Chen et al., 2007; Muñoz-Amatriaín et al., 2008) . Using a small Igri × Dobla barley DH population, Chen et al. (2007) located a QTL for barley green plant production on chromosome 5H and this observation was confi rmed by Muñoz-Amatriaín et al. (2008) . Earlier, a QTL for green plant regeneration in barley callus was located on 3H (Bregitzer and Campbell, 2001) . Identifi cation of QTLs for green/albino plant development may open new avenues for studying the phenomenon of albinism.
In addition to albinism, aneuploidy among the anther culture-derived durum plantlets poses a serious problem (Dog ramcı-Altuntepe et al., 2001). Genotype × growth condition and genotype × induction medium interactions can have a pronounced eff ect on yield of androgenic haploids of durum ( Jauhar, 2003b) . Treatment of microspores with inducer chemicals may improve yield of androgenic haploids of wheat (Zheng et al., 2001 ). An effi cient protocol of producing wheat haploids by isolated microspore culture system was reported by Kasha et al. (2003) . Several external stimuli like cold/heat shock or various other stresses may help improve wheat haploid yield (Shariatpanahi et al., 2006a) . Recently, an improved microspore culture technique for producing androgenic haploids of durum has been reported and involves pre-treatment of anthers with 0.7 M mannitol .
Maize-Induced Haploids: The Method of Choice
Despite several problems inherent in microspore embryogenesis in some crops, anther culture is still perhaps the most widely used technique for producing haploids in many crop plants (Shariatpanahi et al., 2006b ). However, in cultivated wheats, particularly durum wheat, wide hybridization off ers an eff ective tool for extracting haploids. Although Hordeum bulbosum-mediated haploid production has been accomplished in bread wheat (Barclay, 1975) , and has widespread use in doubled haploidy programs in barley, this method has not been eff ective in durum wheat (O'Donoughue and Bennett, 1994) . Cross-incompatibility genes in wheat are a major problem for the eff ective use of the H. bulbosum-mediated haploid production system. In wider crosses, the cross incompatibility seems to be less of a problem. Effi cient induction of haploids by hybridization with maize (Zea mays L. ssp. mays; 2n = 20) has been widely reported in hexaploid wheat (e.g., Guzy-Wróbelska and Szarejko, 2003; Inagaki, 2003; García-Llamas et al., 2004b; Bakos et al., 2005; Bidmeshkipour et al., 2007) and durum wheat (e.g., Almouslem et al., 1998; Jauhar, 2003c; García-Llamas et al., 2004b) . Haploidy induction in wheat by hybridization with pearl millet [Pennisetum glaucum (L.) R. Brown = Pennisetum typhoides (Burm.) Stapf et Hubb.] (García-Llamas et al., 2004a; Gernand et al., 2005) and with one of the noxious weeds-cogon grass, Imperata cylindrica (L.) Beauv. (Chaudhary et al., 2005; Komeda et al., 2007) has also been reported. Wheat DHs were produced by pollination with Job's tears (Coix lachryma-jobi. L.) (Mochida and Tsujimoto, 2001 ). Pratap et al. (2006) found substantial haploid embryo formation in triticale (× Triticosecale Wittmack) × wheat crosses.
The maize-mediated haploid production is currently a preferred method for producing polyhaploid wheats. When durum wheat is hybridized with maize the zygote would have 24 chromosomes, 14 from durum and 10 from the maize parent. In the case of common wheat × maize hybridization, the zygote will have 31 chromosomes, 21 of wheat and 10 of maize. Maize chromosome elimination occurs during the early developmental stages of the durum wheat × maize hybrid embryos (Almouslem et al., 1998; Jauhar, 2003c) and leads to the formation of a haploid durum plantlet with 2n = 14 chromosomes (Fig. 3A, C) , whereas maize chromo some elimination in the wheat × maize hybrid embryos (Laurie and Bennett, 1989) would result in haploid wheat plantlet with 2n = 21 chromosomes (Fig. 4A, B) .
Maize-mediated haploidy induction is the method of choice for durum haploid production (Almouslem et al., 1998; Jauhar, 2003c) and has helped produce haploids from several durum cultivars and genetic stocks (Almouslem et al., 1998) . Details of this protocol-preparation of plant material and its growth condition, emasculation, pollinations and post-pollination treatments, embryo rescue and culture techniques including endosperm nursing techniques-are described in Jauhar (2003c) . Once the plantlets are obtained, they must be checked for their chromosome number to confi rm their haploid status.
Generally, in the case of bread wheat × maize and durum × maize embryos, the maize chromosomes are completely eliminated during the course of embryo/plantlet development. Very rarely, however, a maize chromosome may be retained in the resulting wheat or durum haploid plantlet. We observed a durum haploid with 15 chromosomes (Fig. 3B) , which presumably included a maize chromosome along with 14 durum chromosomes. However, the identity of the extra chromosome was not confi rmed. Considering the background of its origin and its size, the extra chromosome was most likely a maize chromosome. Thus, this haploid may be defi ned as an "addition haploid."
Factors Infl uencing Haploidy Induction
Maize-mediated uniparental chromosome elimination clearly provides the method of choice for durum haploid production. However, methods of increasing the yield of haploids by this technique must be examined. In considering which factors are important, the key steps in the wheat × maize hybridization system are: (i) successful pollination, (ii) retaining a viable embryo with a generally poorly developing endosperm, which leads to embryo culture to rescue the embryo. Genotypic eff ects of parental cultivars on haploid production (Coe, 1959; Bitsch et al., 1998; Cherkaoui et al., 2000; García-Llamas et al., 2004b; Sharmeen et al., 2005; Sidhu et al., 2006) should be considered while producing haploids. In addition to improving hybridization procedures and embryo culture techniques to rescue haploid embryos ( Jauhar, 2003c; García-Llamas et al., 2004a) , other factors in enhancing haploid production should be explored. Post-emasculation hormonal treatment with dicamba alone or with dicamba plus 2,4-D (García-Llamas et al., 2004b; Brazauskas et al., 2005) , 3 mg/L 2,4-D combined with 180 mg/L AgNO 3 ( Jauhar, 2003b) or zearalenone (Biesaga-Kościelniak et al., 2003) , and low relative humidity of the culture environment (Ballesteros et al., 2003) have been reported to stimulate the yield of haploid plantlets in bread wheat or durum wheat. Prevention of premature embryo abscission by post-emasculation treatments 2,4-D combined with AgNO 3 may play an important role in increasing haploid yields.
For many uses haploids are induced from pure lines. However, for fi xing a desirable trait in crosses, they will need to be induced in a segregating population in a breeding program. See the section on haplo-diploidization.
Characterization of Haploid Plantlets
Although certain diagnostic morphological features, i.e., slower growth, smaller size, and narrower leaves, can help identify haploid plantlets, the most reliable method of detecting haploids is by chromosome count. It is of course important to confi rm their haploid status before inducing chromosome doubling to produce DHs. Plantlets planted in peat pellets off er an easy and ideal material for counting somatic chromosomes from the root tips. Details of root-tip chromosome counting-pre-treatments to condense chromosomes, fi xation of root tips, suitable stains and staining techniques, and chromosome squashing and spreading procedures-are routine and easy to apply (see Jauhar, 2003c) . Haploids may perhaps be detected by fl ow cytometry as was done in gynogenetic lines in sugar beet (Svirshchevskaya and Dolezel, 2001) .
In well spread preparations, 14 chromosomes of the haploid complement in durum wheat can be easily counted, with one dose each of the satellited chromosomes 1B and 6B; 1B has a smaller satellite (Fig. 3A) . In conventionally stained somatic cells, however, the chromosomes of the A and B genomes cannot be identifi ed.
For studying intergenomic pairing relationships, the chromosomes of the A and B genomes in durum haploids can be characterized by fl uorescent genomic in situ hybridization (fl -GISH) (Fig. 5A-F) , a technique that we standardized for the wheat material and that we routinely use in our laboratory. Details of this technique have been described Jauhar and Peterson, 2006) . For this technique, chromosome squashes are made in 45% acetic acid and no stain is used. Fluorescent GISH is conducted by hybridizing the A-genome chromosomes with T. urartu genomic DNA labeled with biotin-14-dATP, and blocking the B-genome with Ae. speltoides genomic DNA according to the method described in . The chromosome preparations are counterstained with propidium iodide (PI) and the labeled DNA is detected using fl uorescein isothiocyanate (FITC). Methods of visualizing and imaging are described in Jauhar et al. (2000) .
Using this technique, we could easily identify the seven somatic chromosomes each of the A and B genomes of durum wheat (Fig. 6A) . Meiotic chromosomes are best studied from pollen mother cells (PMCs) obtained from anthers at the appropriate stage (Jauhar, 2003b) . Fluorescent GISH off ers an excellent technique for distinguishing the seven meiotic chromosomes of the two genomes. Generally, seven unpaired chromosomes (univalents) each of the A and B genomes are observed at meiotic metaphase I in the presence of Ph1 (Fig.  5A, B; Fig. 6B ).
PRODUCTION OF DOUBLED HAPLOIDS
Production of homozygous lines by doubling the chromosome number of haploids is an important goal of haploidy research. Doubling can be done spontaneously or through the use of chemicals such as colchicine that aff ect spindle tubule formation. Haploid-derived homozygous lines not only help accelerate breeding programs but also have useful applications in several areas of basic research, e.g., in locating QTLs, gene and genome mapping, and estimation of gene eff ects. Doubled haploids and molecular markers have proven useful in wheat breeding programs in Europe (Tuvesson et al., 2007) .
Spontaneous Doubling in Haploids
Several instances of spontaneous chromosome doubling in haploids have been reported in a number of crop species and DHs have been derived from such haploids in some cases . Production of unreduced gametes in haploids leads to seed set in both durum (Jauhar et al., 2000) and bread wheat (Jauhar, 2007) haploids. Reports of seed set on haploid plants are rare. However, viable seeds were observed on several durum haploids and the basis of seed set was studied in detail (Jauhar et al., 2000) . The seeds are the product of fusion of unreduced male and female gametes formed by fi rst division restitution during meiosis. Absence of pairing among the single chromosomes in the haploid complement (Fig. 3C,  Fig. 6B ), in the presence of Ph1, seems to induce meiotic restitution (Fig. 3D ) and thus appears to be a prerequisite for meiotic chromosome doubling in durum wheat material, resulting in precisely disomic plants with 14 A-genome and 14 B-genome chromosomes (Fig.  6C ). During meiosis, these plants form 14 bivalents-7 of A genome and 7 of B genome (Fig. 6D) Although a rare event, infl uenced by the genotype of the cultivar producing the haploids, the instant homozygosity derived through meiotic non-reduction is interesting. Genotypic variation for DH production may help select for this trait. In any case, spontaneous production of DHs in all durum cultivars (Jauhar et al., 2000) and the bread wheat cultivars (Jauhar, 2007 ) that we studied is signifi cant and this avenue for DH production is worth exploring.
Colchicine-Induced Chromosome Doubling
Just as there was a need for induced haploid production, there is a need for induced chromosome doubling for effi cient doubled-haploid production. For DHs to be useful, an effi cient method of their production must be available. Androgenetic DHs have been produced in wheat by numerous workers. They have been produced in large numbers through microspore embryogenesis triggered by inducer chemicals (Zheng et al., 2003) . Colchicine treatment provides an eff ective means of producing DHs. Treatment of cytologically confi rmed haploid plantlets (at the 2 or 3-leaf stage) with a 0.2% aqueous solution of colchicine at 25°C gives good results (Jauhar, 2003c; Maluszynski et al., 2003) . The seedlings are immersed up to the crown level in colchicine solution in an adequately aerated beaker presumably to avoid the roots dying due to the fl ooding response. This method helps produce DHs on a large scale for use in basic and applied research. Alternative chromosome doubling strategies have been explored. Navarro-Alvarez et al. (1994) found that addition of colchicine to wheat anther culture media increased DH plant production. In vitro colchicine treatment, in which haploid embryos were rescued on medium containing 0.5% colchicine and later (after 48 h) moved to colchicine-free medium, had 92% of their regenerated plants showing chromosome doubling (Sood et al., 2003) .
USES OF HAPLOIDS/DOUBLED HAPLOIDS IN BASIC RESEARCH
The uses and potential uses of haploid plants and haploid embryos in several areas of basic research, including genetic transformation, induced mutagenesis and mutation selection, artifi cial seed technology, and gene mapping have been described (see Jain et al., 1996; . Several uses of DHs in genetics and plant breeding have been described (Forster and Thomas, 2005; Devaux and Pickering, 2005; Muñoz-Amatriaín et al., 2008) .
Are All Doubled Haploids Created Equal?
As stated above, diff erent methods of producing DHs can be used, with the maize-method and anther-culture techniques being the main ones. It has been debated whether the DHs derived by the two methods are indeed equivalent. Initially, all methods involving tissue culture were subject to the introduction of somaclonal and gametoclonal variation. However, as the tissue culture techniques improved, gametoclonal variation lessened. Guzy-Wróbelska and Szarejko (2003) produced by the two methods and found that the recombination frequency in the anther-culture-derived lines was much higher than in the maize-derived ones. These results should be confi rmed by comparing the two sources of DHs with the single-seed descent lines and in additional crosses as it would aff ect map distances. In any case, the diff erences observed between the DHs derived by the two techniques should not reduce their utility in most basic research and in plant breeding. However, the molecular maps developed using RILs might be diff erent from those developed using DH from anther culture or maize pollination. It should also be understood that if one process of creating DH increases recombination, it may eff ectively increase the map size and allow scientists to identify more closely linked markers if they exist.
Because in haploids each locus is in hemizygous state and, hence, expressed, recovery of mutants due to mutagenesis or gametoclonal variation becomes easy and efficient. Moreover, selection using homozygous DH lines is also effi cient for studying mutants because mutations at diff erent loci would be expressed because of the absence of heterozygosity. Several uses of DHs in genetics and plant breeding have been described (Forster and Thomas, 2005) . Haploid-derived homozygous lines are not only used in heterosis breeding but also in investigating whether inbreeding depression or heterosis have a metastable epigenetic component (Auger et al., 2004) . A few uses of haploids in cytogenetic research are briefl y described below.
Mapping of Quantitative Trait Loci (QTLs)
Doubled haploids, similar to RILs, have become an important resource in plant breeding. Doubled-haploid populations have facilitated the mapping of molecular markers and QTLs in cereals including barley (Devaux and Pickering, 2005; Cuesta-Marcos et al., 2008) and wheat (Torp et al., 2004; Cuthbert et al., 2006 Cuthbert et al., , 2008 Kumar et al., 2007; Chu, 2008) . They have been employed in wholegenome mapping using simple sequence repeats (SSRs) and Targeted Region Amplifi ed Polymorphisms (TRAPs) in wheat (Chu et al., 2008a) . As stated above, DH populations have been used for locating QTLs on chromosomes. Relatively high heritability of FHB resistance may lead to selection for unknown QTL for this resistance (Miedaner et al., 2009) . Using DH populations, QTLs for green plantlet production were mapped in several cereal crops including wheat (Torp et al., 2004) , and barley (Chen et al., 2007; Cuesta-Marcos et al., 2008) . Thus, a QTL for barley green plant production was located on chromosome 5H. Identifi cation of QTLs for green/albino plant development may provide new tools for investigating the genetic basis of albinism.
Conceptually, DHs are very similar to mapping using RILs as both are highly homozygous. However, DHs should be completely homozygous whereas RILs, depending on the generation when the single seed descent ended, will still have a low level of residual heterozygosity. In both cases, inadvertent selection may have occurred which may bias the resulting population. In the DHs, the inadvertent selection may be to the method of production and in the RILs, it may be due to single seed descent where the most diverse plants (those in the tails of the population) can be lost. Wheat DHs have been used for creating molecular marker maps and for QTL identifi cation (Sourdille et al., 2000) . Somers et al. (2006) identifi ed three QTLs associated with Fusarium head blight (FHB, incited by Fusarium spp.) resistance in tetraploid wheat using a DH population derived from a cross of durum wheat with Persian wheat (T. turgidum L. ssp. carthlicum). Recently, Chu et al. (2008b) used a DH population to construct a whole-genome map consisting of 632 markers in hexaploid wheat. QTL analysis via scanning the DH population revealed a number of major QTLs associated with the traits of days to heading, plant height, spike characteristics, and resistance to tan spot [caused by the fungus Pyrenophora tritici-repentis (Died.) Drechs.] and Stagonospora nodorum (Berk.) leaf blotch.
Genetic dissection of quantitative traits would be useful in plant breeding. Increasing grain yield of wheat is an important goal of breeding. However, because of its complex nature and several contributing factors, our understanding of the genetic control of grain yield is rather poor. Using a DH population produced from a cross between two Australian wheat cultivars, Trident and Molineux, several QTLs associated with grain yield were identifi ed (Kuchel et al., 2007a) and interaction of these QTLs with specifi c environments was studied (Kuchel et al., 2007b) . Recently, in Canada an F 1 -derived DH population from an adapted spring wheat cross 'Superb' (high yielding) × BW278 (low yielding) was developed to identify QTLs associated with yield and yield components (Cuthbert et al., 2008) . Identifi cation of these QTLs should allow marker-assisted breeding strategies to be employed in spring-wheat breeding programs.
Haploidy (Amphihaploidy) as an Evolutionary Force
Duplication of chromosomes has played a role in eukaryotic genome evolution (Koszul et al., 2004) . It has been shown that several of the cereal crops traditionally considered to be diploid are in fact diploidized polyploids and still have remnants of homology among the duplicated chromosomes. The best examples of such diploidized species are maize (Gaut, 2001 ; see also Vasal et al., 2006) , rice (Oryza sativa L.) (Nandi, 1936; Vandepoele et al., 2003) , and pearl millet ( Jauhar, 1970 ( Jauhar, , 2006b . Haploidy may help unravel chromosomal "redundancy" in such diploidized "ancient polyploids." Thus, chromosome pairing in haploid pearl millet has revealed duplication of chromosomes showing that it may be a secondarily balanced, diploidized species (see .
Allopolyploidy has played a signifi cant role in the evolution of several of the important crop plants, like wheat (Fig. 2) . Sexual polyploidization resulting from meiotic restitution has been instrumental in the induction of allopolyploidy leading to the origin of crop species (Harlan and de Wet, 1975 ; see also Jauhar, 2003a; Ramanna and Jacobsen, 2003; Jenczewski and Alix, 2004) . Meiotic restitution results in chromosome doubling and restores fertility to several amphihaploids (interspecifi c and intergeneric hybrids) involving wheat and its progenitors or allied species in the Triticeae Joppa, 1995, 2000; Matsuoka and Nasuda, 2004; Jauhar, 2003a Jauhar, , 2006b .
Induced haploids may provide insights into the mechanism of evolution of these allopolyploids. We produced maize-induced haploids of durum wheat (2n = 2x = 14; AB) ( Jauhar et al., 2000) and bread wheat (2n = 3x = 21; ABD) ( Jauhar, 2007) and regenerated from them, through spontaneous meiotic restitution ( Fig. 3D; Fig. 4B ), disomic plants of durum wheat and bread wheat, respectively. In essence, we repeated some of the evolutionary steps that occurred in nature tens of thousands years ago, leading to the origin of these allopolyploid wheats. Thus, we demonstrated the occurrence of meiotic restitution and its role as an evolutionary force ( Jauhar, 2007) . This process could perhaps be called "evolution in the test tube" because it mimics the evolutionary steps in nature leading to the evolution of allopolyploid wheats.
Elucidation of an Important Evolutionary Chromosomal Translocation
Some evolutionary translocations remain masked in disomic nuclei and can be relatively easily revealed in the haploid chromosome complements. Fluorescent GISH analysis on the haploid chromosome complements is very useful in revealing some translocations that cannot be studied by conventional staining. Using maize-induced durum haploids, Jauhar et al. (2000) and Dog ramacı-Altuntepe and Jauhar (2001) were able to physically demonstrate the presence of the 4AL•7BS translocation (involving the long arm of chromosome 4A and the short arm of 7B), which is a part of the evolutionary cyclic translocation 4AL•5AL•7BS present in durum wheat (Naranjo, 1990 ) and bread wheat (Naranjo et al., 1987; Devos et al., 1995) . This important cyclic translocation may confer an adaptive advantage and has therefore been retained during the course of evolution for tens of thousands of years. This translocation has in fact become an evolutionary signature of polyploid wheats.
Synthesis of Aneuploids
Euhaploids are useful in synthesis of aneuploids. The visionary scientist Ernie Sears produced his monosomic lines and other wheat aneuploids from a spontaneous haploid. These aneuploids (Sears, 1954) proved to be of great value in studying the cytogenetic architecture of wheat (see Jauhar, 1991) . Both euhaploids and nullihaploids (see Fig. 1 ) help elucidate the genetic control of chromosome pairing, and thereby assess genomic relationships (see below).
Genetic Control of Chromosome Pairing
As stated earlier, allopolyploid species developed a genetic control of chromosome pairing for a disciplined diploidlike meiosis, and consequently disomic inheritance. The Ph1-system in durum and bread wheat is an excellent example of this regulatory mechanism (Sears, 1976; Jauhar and Joppa, 1996) . Although other genes suppress homeologous chromosome pairing in wheat, Ph1, located in the long arm of chromosome 5B, is the principal regulator of pairing (Riley, 1960; Sears, 1976; Feldman, 1993) . In a durum haploid with Ph1 there is no homeologous pairing ( Fig. 3C; Fig. 5A, B) or very rarely partial pairing (Fig. 3E) , whereas in the absence of Ph1 there is extensive homeologous pairing ( Fig. 3F; Fig. 5E, F) . The same is true of bread wheat haploids with Ph1 (Fig. 4A, C ) and without Ph1 (Fig. 4D ). This principle is used for assessing genomic relationships among alien genomes introduced in the wheat background with and without Ph1 ( Jauhar and Joppa, 1996; Jauhar et al., 2004) .
Haploids and derivatives like nullihaploids (see Fig. 1 ) have been instrumental in elucidating the genetic control of chromosome pairing in hexaploid wheat (Riley and Chapman, 1958; Sears and Okamoto, 1958) and hexaploid oat (Rajhathy and Thomas, 1972; Jauhar, 1977) . Nullihaploids have also helped to identify the chromosome housing the diploidizing gene in wheat. The Ph1-system in wheat is useful for chromosome engineering in relation to genetic enhancement of wheat (Sears, 1976; Ceoloni and Jauhar, 2006) . The usefulness of Ph1-regulated pairing in genome analysis has been documented ( Jauhar and Joppa, 1996; Jauhar, 2006b; Ceoloni and Jauhar, 2006) .
Intergenomic Relationships
As stated earlier, haploids of allopolyploid species off er an excellent system to study chromosome pairing affi nities because the internal homologies that remain masked in the disomic condition are best revealed in the haploid chromosome complements. Moreover, Ph1 suppresses pairing among the homeologous chromosomes in the haploid complement (Fig. 3C) , whereas the recessive allele ph1b allows chromosomes to pair based on the residual homology that is expressed (Fig. 3F) . Thus, haploids help unravel internal intergenomic and intragenomic chromosomal affi nities. We employed this strategy and synthesized maize-induced durum and bread wheat haploids with and without Ph1. By studying the specifi city of chromosome pairing, using fl uorescent GISH in the synthetic Ph1-and ph1c-AB genome haploids (Fig. 5C-F) or by Giemsa banding on the Ph1-and ph1b-ABD haploids , we assessed both intergenomic and intragenomic relationships. Thus, we demonstrated that the A and D genomes of wheat are more closely related to each other than either one is to B . These studies have advanced our understanding of intergenomic relationships in wheat. It may be stated that a similar pattern of pairing among the chromosomes of the A and D genomes was studied earlier in wheat × rye (Secale cereale L.) hybrids (ABDR) (Naranjo et al., 1987) . However, Jauhar et al.'s (1991) study using wheat haploids (ABD) was the fi rst report of relative chromosome pairing affi nities among the three wheat genomes without the genetic or competitive infl uence of an alien genome which was only possible due to haploidy.
UTILITY OF HAPLOIDS/DOUBLED HAPLOIDS IN GENETIC ENHANCEMENT
The haploidy technology has been integrated in several crop breeding programs (Ceoloni and Jauhar, 2006, Baenziger and DePauw, 2009) for transferring desirable alien genes, segments of chromosomes, or full chromosomes. Induced haploidy facilitates the stabilization of heterozygous wheat material with desirable alien genes. Advanced hybrid derivatives are haploidized by crossing with maize and subsequent chromosome doubling brings about homozygosity for the introduced alien genes thereby stabilizing the reconstructed genome. This technique also has useful applications in genetic transformation of polyploid wheats. Direct introduction of genes at the haploid level, followed by chromosome doubling, helps stabilize genetic transformants.
Traditional Plant Breeding
Haploids have been fruitfully employed in practical breeding (Baenziger and DePauw, 2009 ). Haploid-derived homozygous lines provide a rapid means of achieving true homozygosity, thereby accelerating plant breeding programs. It is remarkable that as early as 1924, Blakeslee and Belling (1924) envisioned the use of haploids "as a new and simple way to establish pure lines from highly heterozygous plants." The haploid technique was successfully employed to produce inbreds in maize in the 1940s and 1950s (Chase, 1951) . However, this tool was adopted rather slowly in attaining homozygosity. Thus, before 1980, DH technique was applied only to a small number of plant species, but in the last two decades or so this technique has been successfully applied to over 250 species (Maluszynski et al., 2003; see Baenziger et al., 2006) . The technique is now widely used for rapid production of pure inbreds and for speeding up breeding programs (Baenziger and DePauw, 2009) .
Interestingly, doubled haploidy is being exclusively applied by at least one U.S. commercial seed company to generate new maize inbreds (Seitz, 2004) . Wheat cultivars developed from DHs from both anther-culture and maizeinduction systems have been released for cultivation in Canada, China, Europe, and Brazil (Thomas et al., 2003; Guzy-Wróbelska and Szarejko, 2003; Humphreys et al., 2007a,b ; see also Baenziger and DePauw, 2009 ) and some of them have become dominant cultivars. Thus, in Canada in 2007, three of the fi ve most widely grown cultivars in all grades of the Canada Western Red Spring (CWRS) wheat class were DH cultivars and 'Lillian' (DePauw et al., 2005) accounted for about 15% of the CWRS acreage. 'AC Andrew' is an anther culture-derived DH line that accounted for 99% of the Canada Western Soft White Spring acreage (Sadasivaiah et al., 2004) . 'MT 1159CL' wheat is a DH line developed by using the wheat × maize hybridization method (Berg et al., 2006) . Doubled haploids have been widely employed in barley breeding programs, resulting in the release of several cultivars (see Muñoz-Amatriaín et al., 2008) . Androgenesis-based DH-technique was used to produce barley varieties better suited to Peruvian highlands where barley is extensively grown as a food crop (Gomez-Pando et al., 2009) .
Using improved plant regeneration rates from oat anther culture, Kiviharju et al. (2005) obtained some DH lines that yielded the same or more than the commercial cultivars. Doubled haploid lines of wheat have been used in selecting for high molecular weight glutenin subunits (Radovanovic and Cloutier, 2003) .
With the extensive research and the number of papers on doubled haploidy, an obvious question is why are there not more DH cultivars? In answering this question, it must fi rst be understood that there are a number of DH cultivars and they are increasing in their impact and numbers. For example in Canada, which has excellent DH laboratories, Lillian (DePauw et al., 2005) , Superb, 'McKenzie' (Graf et al., 2003) , 'Kanata' (Humphreys et al., 2007a) , 'Snowbird' (Humphreys et al., 2007b) , and AC Andrew (Sadasivaiah et al., 2004) are DH cultivars. Simply, haploids have been fruitfully employed in practical breeding (Baenziger and DePauw, 2009) , especially recently with the wheat × maize system. As mentioned earlier, the wheat × maize system was fi rst discovered by Laurie and Bennett (1989) and needed follow-up research to improve the initial discovery. Once the technique was proven, it took time to develop effi cient laboratories. Finally, it always takes time to validate a candidate genotype for commercial release and increase the seed for large scale production. Hence the time from the discovery of a technology to its deployment should be measured in decades.
Second, unless the breeding history of a new cultivar is known (published), wheat breeders often do not know which breeding method was used to develop a cultivar. Modern wheat breeders use various breeding methods. Cultivars developed by private-sector plant breeders may not have breeding history readily available; some companies may have the resources to develop DH laboratories but do not disclose how their lines are developed. Therefore, which lines were created by which breeding method may not be known unless the breeder and his or her preferred method of breeding are known. Hence, counting only those cultivars known to be developed by DH breeding methods may underestimate the total number of cultivars produced by DH methods.
Of course, there are other reasons which prevent the adoption of DH technology. Many public sector breeding programs lack the resources to develop DH laboratories. This lack of resources would have prevented many public wheat breeding programs from incorporating molecular markers into their breeding program had it not been for the development of national programs and laboratories to provide access (e.g., van Sanford et al., 2001) . Also, even the best DH laboratories are currently incapable of creating the number of lines that most breeding programs evaluate. Hence, DH breeding is used primarily for the most important populations with the best chance of success, while more traditional breeding methods are used for the remaining populations. Traditional methods may be used concurrently with DH breeding methods as a means to ensure that breeding lines are created from elite populations.
The scientifi c reasons for not using DH breeding methods relate to the breeding objective and the expected outcome. As with single seed descent, DH breeding is not suited for crosses where large numbers of genes are segregating and large populations are required (Baenziger and DePauw, 2009) . In countries where cultivar heterogeneity is allowed, there tends to be less emphasis on developing completely homozygous lines and often cultivars are derived from earlier generation selections (Baenziger et al., 2006; Baenziger and DePauw, 2009 ). With earlier generation selection, the expected time savings with DH breeding is reduced. For example, in the Nebraska winter-wheat breeding program, the majority of released cultivars are F 3 -derived F 4 lines with no further major reselection (rouging of off -types is done in the succeeding generations). In this breeding program, the addition of DH technology has minimal impact on time savings, especially if the DH lines are created in a laboratory and would reduce the exposure of the lines to highly variable environmental conditions found in the Great Plains. The time savings and the cost of creating DH lines, except for a minority of fairly narrow crosses are diffi cult to justify.
Haplo-Diploidization and Stabilizing Alien Gene Transfer
The process of haploidizing-diploidizing, sometimes referred to as haplodiploidization, off ers an eff ective means of stabilizing heterozygous wheat-alien species hybrid derivatives. Promising hybrid derivatives may be haploidized by crossing with maize (Jauhar, 2003c; Ceoloni and Jauhar, 2006) . Subsequent chromosome doubling of the haploid material would lead to homozygosity of the introduced alien genes, thereby stabilizing the alien introduction in the reconstructed genome.
In our germplasm enhancement research on durum wheat at the Northern Crop Science Laboratory, Fargo, ND, we have been using DHs to develop durum germplasm with resistance to FHB, a serious disease that currently threatens durum production in North America. Although the current durum wheat cultivars are generally susceptible to FHB, some accessions of cultivated emmer wheat (T. turgidum L. ssp. dicoccum) and Persian wheat have FHB resistance . In an eff ort to transfer the FHB resistance from emmer and Persian wheat to durum wheat, we made several crosses between these species, and developed from promising hybrids about 500 DH lines . We identifi ed some DH lines with FHB resistance (Fig. 7A) with less than 20% infection, while the parental durum cultivars and most of the DH lines were highly susceptible (Fig. 7B) with over 60% infection.
Alien Chromatin Transfer
Maize-induced haploids off er remarkable systems for transferring maize chromatin into crop plants. Thus, oat × maize hybridization (Rines and Dahleen, 1990; Riera-Lizarazu et al., 1996) has helped not only in the production of oat haploids but also in the incorporation of maize chromosomes into oat, leading to the synthesis of a complete set of maize chromosome additions into oat (Kynast et al., 2001 ). The maize chromosome addition lines constitute useful materials for dissection of single maize chromosomes by irradiation (Riera-Lizarazu et al., 2000; see also Vasal et al., 2006) .
Appropriate haploids help produce addition lines in crop plants. Thus, for example, the 15-chromosome addition haploid of durum (Fig. 3B) would, on chromosome doubling, produce a disomic addition of a maize chromosome into durum. The possibility of such alien chromosome integration into wheat, using haploidy technique, should be explored.
Genetic Transformation
Androgenesis may be useful in transgenic breeding and for developing homozygous, stable transgenics. Using haploid microspore cultures, Datta et al. (1990) were able to develop the fi rst homozygous transgenic indica rice. Using the same approach, a stable transgenic barley was produced (Jähne et al., 1994) . The principle of chromosome doubling-induced homozygosity described above may also be adopted in genetic transformation and induced mutagenesis. Haploid cultures off er useful material for gene transfer by microprojection (see Jauhar and Chibbar, 1999) . Haploidy and transgenic technology may jointly help produce stable durum transgenics. We standardized the technology for genetic transformation and produced the fi rst transgenic durum wheat (Bommineni et al., 1997) . At about the same time we standardized an effi cient method of producing durum haploids (Almouslem et al., 1998) . A combination of these two technologies may be fruitful in eff ecting durum transformation. During microprojectile bombardment on durum haploid callus, the target gene may land on any of the 14 chromosomes in the cell being bombarded. However, subsequent chromosome doubling would lead to instant homozy gosity and perhaps stable integration of the transgene(s).
CONCLUSION AND PERSPECTIVES
Haploid plants and haploid-derived homozygous lines are useful in basic research in several facets of genetics and cytogenetics, including gene and genome mapping, induced mutagenesis, gene dosage eff ects, linkage analysis, unraveling genetic control of chromosome pairing, assessing genome relationships, and in plant breeding. The DH technology off ers a rapid means of production of truly homozygous lines that help to speed up crop breeding programs where homogeneity is needed. Combination of the haploidy with other technologies of marker-assisted selection, induced mutagenesis, and transgenic technologies could also accelerate crop improvement. Thus, direct incorporation of cloned genes at the haploid level followed by chromosome doubling should help accelerate stable integration of desired genes into wheat. To be useful, however, an effi cient and reliable method of haploid and DH production is necessary. We and others have shown that maize-induced chromosome elimination off ers the method of choice for haploid production in bread wheat and durum wheat, but improvements in microspore culture could change this conclusion.
It is signifi cant that the totipotent nature of a haploid cell is being exploited in several facets of biological research as highlighted above. Using DH populations, QTLs associated with yield and yield components were identifi ed, which should allow marker-assisted breeding strategies to be employed in wheat-breeding programs. The haploidy technique has played an important role in practical plant breeding as can be seen in widely grown DH cultivars in Canada, China, Europe, and Brazil where some of them are dominant cultivars. With our ability to increase the yield of haploids in bread wheat and durum wheat, the haploidy technique may play an ever increasing role in basic cytogenetic, genetic, and genomic research as well as in applied plant breeding.
